Abstract The KTX device is a reversed field pinch (RFP) device currently under construction.
Introduction
The KTX device, which stands for "Keda Torus for eXperiment", is a reversed field pinch (RFP) device that is currently at the design stage, and its 3D cross-section model is shown in Fig. 1 . The maximum plasma current is 1 MA with a discharge time longer than 100 ms. Its main parameters are between those of the RFX and the MST [1−4] . The aspect ratio of the KTX device is 2.64, with a major radius of 1.4 m and a minor radius of 0.55 m. The established RFP devices are as follows: RFX (Italy) has the longest 250 ms discharge time among all the RFP devices, with maximum plasma current of 2 MA and major/minor radius of 2 m/0.5 m [2] . The second longest discharge time (100 ms) device is the TPE-RX (Japan), with a maximum plasma current of 1 MA and a major/minor radius of 1.72 m/0.45 m [5] . MST's (USA) parameters are very close to those of TPE-RX (80 ms discharge time, maximum plasma current 0.6 MA, R/a=1.5 m/0.5 m) [3] . The discharge time of both T1 and T2 (Sweden) is lower than 20 ms, and their maximum plasma current (0.3 MA for T2, 0.05 MA for T1) and aspect ratio are also small (R/a=1.24 m/0.2 m for T2, R/a=0.5 m/0.06 m for T1) [6] .
Fig.1 3D cross-section model of KTX
The main purpose of this article is to put forward a new wedge-shaped TF coil design for KTX device. Until now, no RFP devices have used a wedge-shaped TF wingding because a rectangle-shaped TF coil is utilized due to its large size, such as in the RFX. However, this is based on an increase of the number of coils. For example, the RFX can reduce its error field to 7% by using 48 rectangular TF coils [7] . However, for small * supported by the National ITER Special Support for R&D on Science and Technology for ITER, "Research on Reversed Field Pinch Magnetic Confinement Configuration", CN Schedule Task (No. 2011GB106000) size RFP devices, increasing the number of TF coils will directly affect the space available for the device's other systems such as the diagnostic window, support structure, vacuum pumping system, and so on. Using the same numbers of wedge-shaped TF coil can solve this problem. In this paper, although the wedge-shaped coils do not really enter the stage of manufacture, it has an obvious advantage in reducing the ripple and error field according to detailed analysis and calculation, especially for small aspect ratio KTX device. In addition, tokamak operation mode can be achieved in KTX device by utilizing a wedge-shaped TF coil when the plasma area becomes smaller because the maximum ripple in the plasma area of a tokamak model is always required to be smaller than 0.4%.
The following functions were respectively adopted for the poloidal and toroidal field components in a cylindrical geometry, as described in reference:
Here J 0 and J 1 are Bessel functions. The symbols used in the equations are defined in Ref. [8] . Thus, during the rise stage of the plasma, the toroidal field winding current has to be reversed from its initial bias level.
The RFP device needs a more accurate toroidal magnetic field to control the error field of the external boundary of the plasma magnetic field. The KTX's toroidal field coil design should satisfy the following three requirements: a. the toroidal field coils can produce the maximum longitudinal magnetic field of 0.7 T; b. the current of the toroidal field coil needs to climb as the plasma current changes, and the climb time should be within 30 ms, with the change in coil current (ampere turns) ranging from 1 MA to 0.5 MA; c. magnetic field ripple is less than 7%.
The current of each TF coil of the 1 MA ramped mode is 210 kA and the corresponding longitudinal magnet field strength is about 0.7 T. The maximum current change rate of the TF coil is 1.67 kA/ms, as shown in Fig. 2 . All TF coils are connected in series and supplied by one power supply. The required peak current is adopted by the LC oscillator mode. Its storage capacitance is greater than 2.2 MJ and the halfwave time is less than 30 ms. A schematic of the TF circuit is shown in Fig. 3 . The total number of toroidal field coils is 24 and each coil consists of a 12-turn Cu conductor. It is constituted by four layer coils and each layer has three turns. The insulation structure of the TF coils consists of the turn, layer and ground insulation, and is constructed by multiple layers of fiber glass cloth interleaved with polyimide film. The thickness of the ground insulation is 6 mm, and the turn and the layer insulation thickness will be 2 mm. Some important geometrical and electromagnetic characteristics of the TF coils are based on the parameters listed in Table 1 . In order to reduce both the ripple and error field (B n /B t ) to a relatively low level, the toroidal field coils can be mainly designed in two ways, as follows. One is to increase the number of toroidal field coils, and the other is to adjust the size and shape of the coil. During the optimization design process, both rectangular and wedge-shaped TF coils, as shown in Fig. 4 , were investigated and compared from physical and technological points of view. The TF coil is wound by using a single conductor. A copper conductor is wound through the inlet terminal and ultimately leads out of the out terminal. The advantage of this process is as follows: the electrical continuity of the coil can be achieved without going through the flexile demountable joints designed by RFX [7, 8] . A typical wedge-shaped TF coil and coil cross section are shown in Fig. 5 . 
Electromagnetic design
The ripple and error field can be reduced to a certain extent and kept as symmetric as possible by adjusting mainly the shape of the coils. There is no need to increase the number of coils, which leads to the space problem. It is considered that the wedge-shaped degree will be changed with changes in other sizes of small aspect ratio RFPs or similar torus devices, though the variation rule between the degree of wedge-shape and the device size has not been studied in detail in this paper. Fig. 6 is the magnetic field ripple versus the radii of four types of TF coils. The center of the plasma area is estimated to be (1.45, 0) with a radius of 0.38 m. The rectangular TF coil has a higher magnetic field ripple, which is 5% at R=1.07 m and 28% at R=1.83 m. However, all of the wedge-shaped TF coils with ϕ=5.6 degrees and 6.4 degrees have a lower magnetic field ripple, which are all lower than 7.5% and 2% at R=1.83 m and R=1.07 m, respectively. These ripple values are acceptable for the operation of KTX plasmas because the toroidal magnetic field of RFP is mainly provided by the plasma itself. The reversed toroidal magnetic field provided by the TF coils is small (almost zero) during the current flat-top stage. In addition, the toroidal magnetic field provided by TF coils is mainly used for the initial increase of current and helps the plasma breakdown; it has little effect on the plasma in the current flat-top stage [4] . Thus, the ripple caused by the discrete distribution of TF coils is loosely required during the current flat-top stage. However, such ripple values will no longer be acceptable for further tokamak operation mode, because the maximum ripple in the plasma area of the tokamak model is always required to be smaller than 0.4%.
The error fields of the rectangular and the wedgeshaped TF coils were calculated in a steady state, which means that the smoothing effect of the current induced into the conducting shell was neglected [5] . Thus, the results are conservative. Considering the diagnostic windows and support structure, two solutions of wedgeshaped TF coils with ϕ=5.6 degrees and 6.4 degrees, in particular, were studied in detail, as shown in Fig. 6 . The error field B n /B t of wedge-shaped TF coils with ϕ=6.4 degrees is lower than both the wedge-shaped coil with ϕ=5.6 degrees and the rectangular TF coil, which is about 6%.
(a) Magnetic field ripple, (b) Error field (rectangular TF coil), (c) Error field (5.6
• wedge-shaped), (d) Error field (6.4
• wedge-shaped) Fig.6 Magnetic field ripple and error field According to the above calculation results, the wedge-shaped coil with ϕ=6.4 degrees was selected as one option for the KTX toroidal field coils. Fig. 7 gives the distribution of the magnetic field and the magnetic field along the radius on the equatorial plane. The maximum magnetic field strength is about 1.27 T and the magnetic field at the plasma center is 0.7 T when the current of each turn is 17.5 kA. The results show that the wedge-shaped TF coil can meet the physical requirement of the KTX device. The total centripetal force of one coil can be calculated as [9] .
where γ = a R , since F r < 0, the force is always toward the z axis. However, as shown in Fig. 8 , the z-directed tensile force formed by a half TF coil is balanced by T1 and T2. It is perpendicular to the equatorial plane (z=0 midplane), which is about 84.5 kN. In general T1 = T2, and the F z can be found by integration to be [10] :
As regards the normal operation conditions, the overturning moment M of one TF coil was changed in a typical current operation, as shown in Fig. 9 . The maximum current of the EF coils is 1.24 kA / turn and that of the OH coils is 52 kA/turn. The TF coil is subjected to a highest overturning moment M =747.75 N·m when its currents reaches its maximum value of 17.5 kA/turn. The overturning moment of the TF coil decreases with time and drops to 0 N·m when the toroidal field current is reduced to 0 kA. In addition, the overturning moment is about 0 N·m when the toroidal field current enters the flat-top stage. The main reason accounting for the change of the overturning moment is M ∝ I TF ·B OH&EF , where B OH&EF is the magnetic field in TF coil generated by Ohmic field coil and poloidal field coils. Since the trend of I TF and B OH&EF is opposite and B OH&EF is relatively small when the current of TF coil reaches its maximum value, the maximum overturning moment M is not very large. In the author's opinion, the electromagnetic force values of both wedgeshaped and rectangle-shaped are mostly decided by all of the coils' current operation. The winding shape will have little effect on its electromagnetic forces. However, electromagnetic force is one of the major parameters for a KTX magnet system's design, which is of basic significance for future R&D and manufacture. For easy and fast assembly and maintenance, the mechanical support for TF coils was designed in modules, as shown in Fig. 10 . The TF coil with a stainless steel case (thickness is 6 mm) was welded onto the bottom support, which is connected with support plate (thickness is 60 mm) by eight bolts. The diameter of the bolt was optimized to 30 mm. However, the connection between two TF coils is made using a torus support block and an inner support block. Both of the above two support blocks were welded to the coil case. The overall design requires 192 bottom bolts. The reliability of these bolts and the mechanical stresses produced by the electromagnetic loads are the most critical issues affecting a TF coil's support system. It should be noted that all these analyses are based on previous R&D results, the main purpose of this section is to prove whether the design of the wedge-shaped coil is feasible from an engineering point of view. The mechanical analysis of the support system was based on the electromagnetic force caused by the 210 kA peak current in the TF coil. The analysis results are shown in Fig. 11 . The maximum stress intensity is about 101 MPa mainly located in the bottom support area, while the stress on the stainless steel case is only 49.6 MPa. These values all satisfied theoretical restraints on the strength (the yield strength (σ s ) of SS316LN is 300 MPa at 300 K, and its ultimate tensile (a) and (b) The stress intensity of the support system, (c) and (d) The displacement of the TF support system Fig.11 Mechanical analysis of the support system strength (σ b ) is 600 MPa at 300 K). However, the stress on the bottom bolt (M30) is about 85.9 MPa (with 25.4 kN pre-tightening force). The M30 bolt's safety factor S is 1.5 and its allowable stress is [S m ]= σ s /S=150 MPa. Thus, the design of the bottom bolts is reliable. The 1.5 mm maximum displacement caused by the electromagnetic loads is located at the top of the coil, while the bottom bolt's maximum displacement is only 0.011 mm. The displacement of the support system is small, and thus will not affect the stability of the structure. For KTX, the wedge-shaped TF coil will not obviously affect the mechanical reliability of the support system if a reasonable and good support structure is designed. Since VPI technology will be applied in the manufacture of wedge-shaped TF coils, and the Cu conductor is relatively small, the mechanical reliability of the winding's inner structure, such as the insulation, was not considered to be a problem from an engineering viewpoint. If the inner conductors are replaced by superconducting materials, the inner stress and strain must be calculated in detail in order to ensure the stability of the superconducting conductors. In this case, the wedged shape will seriously affect the conductor's design.
Thermal design
The thermal design of a TF coil, which is directly affected by the specific operation mode of RFP, such as lower toroidal magnetic field and short discharge time, will not be a problem for the device operation. However, the magnet coil temperature will increase with the increase of experimental time in a continuous discharge conditions since all of the copper conductors are cooled by naturally. It will lead directly to insulation thermal fatigue if the temperature reaches a certain high value. Thus, it is necessary to calculate the heating temperature of TF coils to ensure safe operation of the device. The estimated calculation results show that, considering the natural convection of air, the cooling coefficient value β ia estimated to be 10 W/m 2 · • C. Power input: P = mC p dT /dt, where dT /dt is temperature rise rate.
Power escaping from the surface is: P out = βs(T − T r ), where T r = 30
• C is the room temperature. According to differential equation: P = P in − P out , where mC p dT /dt = P in − βs(T − T 0 ), the solution is T = T r + ∆T (1 − exp(−t/τ )), where ∆T = P in /βs is the temperature increment at t = ∞ and τ = mC p /βs is the temperature rise time, where C p = 800 J/kg·
• C. The final stable temperature increment of the coil is: ∆T = P in /βs = 18066/120/5/1.685 = 8.94
• C and the rise time is: τ = mC p /βs =6483.29 s. Fig. 12 shows the simulation results based on the same initial conditions as above. The results show that the stable temperature rise increment of the TF coils is about 14
• C and that of the insulation is about 12 • C, which is similar to the results calculated from the empirical formula mentioned above. The calculation results show that the final temperature increment of TF coils is lower than 20
• C, so the water cooling of coils is proved to be unnecessary. However, it should be noted that all of the above calculation results hold true only for the standard RFP operation mode. If the tokamak operation mode is applied to the KTX device, the temperature will deteriorate with the big change of magnetic field in the TF coils. Fig.12 Results of the thermal analysis of the coils
Conclusions
In the KTX case, a wedge-shaped TF coil with ϕ=6.4 degrees can meet the requirements of the physical target parameters and it has an obvious advantage in reducing the ripple and error field. All the results show that the wedge-shaped TF coil design can be a good option for KTX device. Since the ripple and error field in the plasma area affect the success of fusion devices directly, the most important conclusion of this paper is that the wedge-shaped TF coil can be used to increase the stability of the plasma in small aspect ratio RFPs or similar torus devices. Besides, tokamak operation mode can be achieved in KTX device by use of the wedge-shaped TF coil if the plasma area becomes smaller because the maximum ripple in the plasma area of the tokamak model is always required to be smaller than 0.4%. However, if the conductor is a superconducting material, much more R&D work needs to be carried out on the wedge-shaped magnet coil's design.
The new idea of wedge-shaped TF coils presented in this paper can serve as a reference for the TF coil design of small aspect ratio RFPs or similar torus device.
